Abstract. Fossil fuel combustion is the largest global source of NO x to the troposphere. This source is concentrated in polluted continental boundary layers, and the extent to which it impacts tropospheric chemistry on a global scale is uncertain. We use a global three-dimensional model of tropospheric chemistry and transport to study the impact of fossil fuel combustion on the global distribution of NO x during nothern hemisphere summer. In the model, we tag fossil fuel NO x and 
Introduction
Tropospheric ozone is the major precursor of the hydroxyl radical (OH), the primary oxidant for a large number of atmospheric trace species. As such, ozone is an important contributor to the oxidizing power of the atmosphere [Thompson, 1992] . In addition, ozone is an important greenhouse gas, particularly in the upper troposphere [Lacis et al., 1990] . Near the surface, high concentra- ing the NO x from source regions to the remote troposphere [Moxim et al., 1996] . These previous studies have disagreed about the sources of upper tropospheric NO x. Lamarque et al. [1996] found that lightning was the most important source, with significant contributions from aircraft and fossil fuels; Ehhalt et al.
[1992], using a quasi-two-dimensional model, found that continental surface sources (mostly fossil fuel combustion) and aircraft were the dominant sources at northern midlatitudes.
Horowitz et al.
[1998] used a continental-scale model to study the export of NO x and its oxidation products from North America. The NO x emissions in their model included only fossil fuel combustion, which is the dominant source of NO x in the CBL over North America. A detailed evaluation of the model predictions for 0 3, NOy species, and other photochemical tracers with surface observations over North America was performed, the results of which will be discussed in the context of this study in section 3. It was found that export of NO x plus organic nitrates from the United States during summertime represents an important source of NO x on the scale of the northern hemisphere, considerably exceeding estimates of the hemispheric source of NO x from aircraft and the stratosphere, though about a factor of 3 smaller than the hemispheric source from lightning. Organic nitrates, primarily PANs derived from the oxidation of isoprene, were found to be important contributors to the export flux of reactive nitrogen. Liang et al. [ 1998] used the same continental-scale model to calculate the direct export of 0 3 and to estimate the 03 production from exported NO x and PANs. They found that pollution from the United States makes a significant contribution to tropospheric 0 3 on the scale of the extratropical northern hemisphere, primarily through the export of NO x and PANs.
In the present study, we expand upon the continental-scale studies of Horowitz et al. [1998] and Liang et al. [1998] by tracing reactive nitrogen throughout the global troposphere to determine the impact of fossil fuel combustion on the global distribution of NOx. This work improves upon previous global-scale studies by its use of the detailed NOx-hydrocarbon chemical mechanism developed by Horowitz et al. [1998] . Accurate chemistry of nonmethane hydrocarbons (particularly isoprene) must be included in a model in order to properly simulate the export of reactive nitrogen from polluted continental boundary layers to the global troposphere ]. Isoprene chemistry within the continental boundary layer stimulates the production of 0 3 and promotes the production of organic nitrates such as PAN, which play an important role in transporting NO x on a global scale. The chemical mechanism used in our model has been developed to properly represent chemistry within the continental boundary layer.
We present a description of our model in section 2. The model is evaluated in section 3 by comparison of simulated concentrations of NOy species and 03 with observations. In section 4 we assess the contribution of fossil fuel NO x emissions to the global distribution of NO x, looking particularly at the effects of national emissions from the United States and China.
Model Description
Our model expands to the global scale the continental-scale model used by Horowitz et al. [1998] . The model grid has a horizontal resolution of 4 ø (latitude) x 5 ø (longitude), with seven vertical layers in the troposphere extending from the surface to 150 mbar along a sigma (terrain-following) coordinate. Chemical nonlinearities within urban and power plant plumes in North America are accounted for using a nested subgrid scheme [Sillman et al., 1990] , in which concentrated emissions are isolated for up to 8 hours before being diluted to the scale of a grid box, as described by Jacob et al. [ 1993] . Meteorological input is provided by a data archive from a general circulation model (GCM) developed at the Goddard Institute for Space Studies (GISS) [Hansen et al., 1983 ] with a time resolution of 4 hours. Advection of chemical species (tracers) is calculated using the second-order moments (SOM) scheme [Prather, 1986] . The mixed layer height varies every 4 hours, ranging from 500 m (one layer) to 2.5 km (three layers). The model accounts for subgrid-scale dry and wet convective mass transport in a manner consistent with that of the GISS GCM [Prather et al., 1987] . Wet deposition of soluble tracers (HNO 3, H20 2, and organic hydroxynitrates) is performed using the method of Balkanski et al. [1993] , which includes scavenging in convective updrafts and rainout and washout by large-scale precipitation. Dry deposition velocities for 0 3, HNO 3, NO 2, CH20, H202, PAN and other organic nitrates are calculated as described by Jacob et al. [ 1993] , using a resistance-in-series model [Wesely, 1989] In order to expand the model from continental-scale to globalscale, it was necessary to make several significant modifications. We extend here the model evaluation of Horowitz et al. [ 1998] by comparing model results with observed vertical profiles of 0 3 , NO, PAN, and HNO 3 in the remote summertime Northern Hemisphere, using climatological ozonesonde data for 0 3 [Logan, 1999] and compiled aircraft data for the NOy species (NO, PAN, and HNO3) (J. Bradshaw et al., On the observed distributions of nitrogen oxides in the remote free troposphere, submitted to Reviews of Geophysics, 1999; hereinafter referred to as submitted 
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